analysis is presented of a binary film with fog formation and a negligible induced velocity (traditionally referred to as "Stefan-Nusselt flow"). The governing equations of energy and diffusion, coupled with the saturation con@on, are solved and analytical correction factors are derived. Subsequently, the "negligible induced velocity" (NIV) fog film model is applied to channel flow, yielding analytical expressions for the variation of bulk vapour mass fraction, bulk temperature, and the possible creation of bulk fog. Multiplying the NIV correction factor for fog only by the classical film model correction factors for induced velocity, reveals that the product corresponds to the film model correction factors for the combined effects of fog and induced velocity. Furthermore, a thorough comparison with theoretical and experimental results of foregoing two-dimensional studies, concerning fog formation in the presence of free and forced convection, confirms the accuracy of the present fog film model.
INTRODUCTION
The classical film model correction factors for the effect of suction and injection were derived and applied by Brouwers and Chesters (1992) and extended to include the formation of fog by Brouwers (1992) . This new film model provides correction factors which account for the effect of both an induced velocity and fog formation. The calculated results illustrated that, for small vapour mass fractions, implying in turn small induced velocities, the effect of fog formation on heat and mass transfer is greatest. As this interaction between fog-related heat and mass transfer is extremely interesting and the governing equations are significantly simplified without induced velocity, in this paper the limiting case is analysed in which fog is formed in the film but the vapour mass fraction is small. Moreover, Fig. 1 study of this physical situation completes the film model analyses for transport phenomena in the presence of fog formation and/or induced velocity.
Formation of fog in dilute, vapour non-condensable mixtures has been the subject of numerous investigations in the past. In the introduction of Brouwers (1992) , the studies based on the "critical supersaturation model" (CSM) and on the saturation condition have already been discussed. Studies of fog formation in dilute one-dimensional systems, in combination with the saturation condition, have been carried out by Szekely (1964,1969) and Toor (1971a, b). The former investigators proceeded from saturated bulk properties and an entirely saturated film. The latter author determined the existence of a saturated region and its boundary with the superheated region, employing the tangency condition. All the theories presented, however, were limited to cases where Le = 1 (and 6, = 6,) and not brought within the scope of a general fog film model which can be applied to convective heat and mass transfer. Here then, a film of a binary mixture with any Le value will be considered but without induced velocity, this physical simplification being permissible when the vapour mass fraction is sufficiently small. The error introduced by omitting this velocity will be assessed thoroughly by means of an asymptotic analysis.
The possible existence and magnitude of a fog layer in the film will be determined and explained graphically. The simplified governing equations of heat and mass transfer in the tllm are treated analytically, and compact and useful correction factors are derived. These correction factors for heat and mass transfer give a clear insight into the influence of the diverse parameters on fog formation.
The film model approach to fog formation is then applied to closed-channel flow and analytical expressions for the bulk vapour mass fraction and bulk temperature variation in the channel derived. Since attention is focused only on the interaction between the energy and diffusion equations when fog is formed (and not on the effect and presence of the induced velocity in these equations), the analysis presented here will not yield a correction for the friction coefficient, as this is affected only by suction or injection.
Furthermore, it will be demonstrated that the derived fog correction factors can be adapted easily to heat and mass transfer in the presence of suction or injection. In this way, a compound fog film model is derived which is based on relatively simple equations, and can be applied to heat and mass transfer in the presence of both fog formation and an induced veloThe present film analysis is based on: -the saturation condition [i.e. c = F(T)], and -no induced velocity (NIV).
The so-called saturation condition has been utilized frequently in the past. The saturation condition holds in general when sufficient particles are present in the mixture which can serve as nuclei for condensation_ According to Steinmeyer (1972) these conditions are indeed often ful6lled in practical situations. The level of supersaturation, which thermodynamically must always be non-zero, can then be regarded as negligibly small. Here, the saturation condition is employed in view of its convenience and accuracy to most practical situations. In the analysis of the fog layer, the droplets created (and transported, e.g. by thermophoresis) are not explicitly considered and the physical properties in the superheated and saturated mixture are therefore assumed to be identical. This approach is quite acceptable since the fraction of droplets in mixtures is usually very small. The error introduced by not taking the induced velocity into account is assessed with the help of an asymptotic analysis of the relation between vapour mass fraction and temperature, G(T), for small vapour mass fractions. Since the temperature and vapour mass fraction profiles tend to a linear dependence on y for small vapour mass fractions, the relation between c and 2" will be linear as well. The relation between c and T in a film with induced velocity is represented by c is not a function of T for 6, < y < 6,.
city. Finally, the fog film model is compared extensively with theoretical and experimental results of two-dimensional free and forced convective heat and mass transfer analyses, performed by previous investigators. 
ASYMPTOTIC ANALYSIS OF THE FILM FOR
In eq. (2), the entrance vapour mass fraction, cb(x = 0), figures since this is the most extreme condition. In a channel, the local bulk vapour mass fraction is always situated between the entry value and the vapour fraction at the wall, ci_ G(T) can now be asymptotically expanded for small .sl and s2 as follows: 6, > 6,:
t c is not a function of T for 6, ( y < 6,.
The underlying theory of the applied techniques can superheated region, defining be found in the standard work of van Dyke (1975) . Equation (4) indicates the small influence of the =b -ca &J = ~ (7) induced velocity for small .Q. Accordingly, in this 1 -c, paper the induced velocity is not considered and the the zero-order approximation of the temperature disfirst-order approximation of G( Z'), which corresponds tribution for small 1~ 1 reads [see Brouwers (1992)] to eq. (4) (with s1 = 0 substituted), for small s1 will be employed from now on. T(Yl _ T,(Y -6,) -T,(Y -6,) (6, < Y < 4). 03 To verify whether fog is formed, the slope condi-(6, -6,)
tions of Brouwers (1992) are used. For condensation it The first-order approximation of the vapour fraction reads:
for small Is31 in the superheated region reads dF dG
Eliminating y from eqs (8) and (9) 
The possible intersection of the saturation line, implying the formation of fog, is detected with eqs (5) and (6), combined with eq. (4). with ei set equal to
Zero.
When these equations predict formation of fog in the film (see Fig. 2 ), a superheated and a saturated region are distinguished. In 0 < y < S,, the film is saturated, and in 8, 6 y d S, or 6, the Bhn is superheated, The fog film thickness, a,, is yet to be determined. At the boundary of the superheated and saturated regions the temperature and vapour fraction are defined as T, and c, [ = F( T,)], respectively. In the 
In the fog layer, 0 < y < a,,, and on the borders y = 0 and y = a,, the vapour fraction is related to the temperature by the saturation line, F(T)_ The amount of fog formed, K, is eliminated from eqs (11) and (13), the resulting equation is integrated twice with respect to y, and boundary conditions (12) and ( The NIV correction factor for mass transfer is obtained by the application of eqs (15), (18) 
APPLICATION OF THE NIV FOG FILM MODEL TO CHANNEL FLOW
The application of the NIV fog model to the laminar or turbulent flow of a binary mixture through a channel is now discussed in detail. The governing equations for the vapour fraction and temperature alteration in the channel are derived for three possible cases: no fog formed; fog formed in the film but not in the bulk (since the mean mixed condition corresponds to superheat); and fog formed both in the film and in the bulk, which is saturated. Solutions in closed form will be provided for all three cases. It will be demonstrated that the applied NIV fog film model exhibits interesting features for Le equal to unity.
Transfer of heat and mass without fog formation
Consider the flow of a binary mixture through a channel of any given shape and in which there is a transfer of heat and mass from gas to a wall, and the vapour mass fraction is small, so that 1 el 1 is close to zero. When eqs (5) and (6) predict no formation of fog, the conventional film model is applicable. For small transfer rates the classical film model correction factors, 0, and O,, tend to unity: for small 1.~~ 1 the zero-order approximation of the differential energy balance reads
with the mean mixed temperature at the beginning of the channel as a boundary condition:
As the interface properties (T,, ci) are assumed to be constant in the gas channel, eq. (24) Equations (26) and (29) give the bulk properties as a function of the coordinate in the direction of the flow, when the entire flow is superheated. These equations show that the mixed mean properties in the channel will lie between the interface values and entry values, as would be expected. To determine the path of the bulk properties, the coordinate x is eliminated from eqs (26) 
which the film will become partially saturated. The Equation ( 
RESULTS OF THE NIV FOG FXLM MODEL AND

INTRODUCTION
OF THE COMPOUND FOG FILM
MODEL
The results of the fog model here derived will be calculated for the underlying conditions of Brouwers (1992) concerning various water-vapour air mixtures (note that H,,Jc,Le is identical to H,,,/c,,~L~,).
On the basis of the here derived NIV fog correction factors and classical tllm model correction factors, compounded correction factors are introduced which account for both fog formation and the presence of an induced velocity. To determine fog formation, use has been made of the slope condition that reckons with the effect of the induced velocity: eqs (1) and (5).
The computed mass transfer correction factor, 0 cSfl, listed in Table 1 
Thus, the introduced correction factor OEmZa is compounded from the conventional correction factor 0, which accounts for suction or injection, and an independent NIV correction factor O,,, which accounts for fog formation only.
In Table 2 Table  2 , involving a significant induced velocity, the accuracy of the compounded correction factor is astonishingly good. On the other hand, the thermal correction factor, 0 1,/1, listed in Table 2 , does not agree with the quotient of the thermal fog film model correction factor and the Ackermann correction factor, Or.Z1/01 and Ot,&Ot of Brouwers (1992) . In other words, model and the needed computational time. Furthermultiplying the thermal NIV fog correction factor more, the forms of O,, Or,11 and O,,, as such are far derived here by the Ackermann correction factor does less complex than the expressions derived in Brouwers not yield a gatisfactory compounded thermal correc-(1992), and hence are much faster to determine. tion factor. In general, all thermal and diffusional
In Tables 1 and 2 the amount of bulk fog formed, correction factors of the fog film models obey the according to the compound fog film model derived basic equation (27) heuristically constructed correction factors Or,,2 and 0 t,J2 have to meet these requirements as well. The the$mal correction factor Or,ll has therefore to be mu!ltiplied by the same factor as 0, f I, that is to say 0,:
This thermal fog correction factor has been divided by the Ackermann correction factor, O,, and the result listed in Tables 1 and 2 . These tables reveal that the constructed fog thermal correction factor (46) agrees well when it is compared with the results listed in the tables referred to. Moreover, extensive calculations have been carried out with numerous other physical conditions, LR, and HlaljCppu. All calculations proved that the accuracy is of the same order as the examples treated here. This implies O,,,, and Ot,12 are good approximations for the fog film model correction factors, accounting for both the influence of fog and the induced velocity.
[see Brouwers (1992) ] to determine the dimensionless bulk fog, Le has again been set equal to unity and Nu = Sh. The fog 6lm model correction factors have been applied (instead of 0, and 0,) as for all considered cases the films are fogging. The calculated rates agree well with the corresponding ones listed in Brouwers (1992) , once more proving the reliability of the compound fog film model expressions.
COMPARISON
OF THE FOG FILM MODEL WtTI+
CONVECTIVE
MODELS AND EXPERIMENTS
In this section, the non-convective fog film model is compared rigorously with comprehensive models and experiments of previous investigators. These two-dimensional models concern laminar free and forced convective heat and mass transfer of dilute watervapour air mixtures to a wall, the presence of fog being described by the saturation condition.
Free convective heat and mass transfm
The compound fog film model is applied in the Koch (1986) investigated the free convective boundsame way to closed-channel flow as the fog film ary-layer flow along a vertical cryosurface with wall model. The procedure is explained by Brouwers condensation. To this end the governing equations of (1992), and illustrated here by Fig. 6 . The main differcontinuity, momentum, energy, molecular diffusion, ence is that, to determine 0, f 2 and O,,,,, the boundand particle diffusion were derived and solved nuary properties (T,, c,) do not have to be calculated merically. In this thesis it was demonstrated that the iteratively. This essential simplification is a major thermophoresis of particles is a significant mode of advantage since it reduces the complexity of the fog mass transfer when the interface temperature is below Table 4 two examples are listed, which will be compared with the predictions of the fog film model. The total mean mass flux to the wall consists of two parts, namely mass transfer by particle and by molecular diffusion. As in this paper only the effect of fog formation on the (molecular) diffusion and energy equations is examined, in Table 4 
The computational results of Botternanne (1971) (Le = 0.89) and Gebhart and Pera (1971) (Le = 0.71) confirm correlation (48) (see Table 3 ) since 0 < /$(cs -ci)/Bt( T,, -Ti) < 0.12 for all the cases examined in this section. To compose the saturation line, the RankineKirchhoff equation of Koch (1986) (applicable for. 220 K < Ti < 300 K), and P,_% = 1 bar. This liquid-water vapour pressure is employed, though the fog layer near the wall is below the solidification temperature of water. It was stated and employed by Koch (1986) that the droplets are in a metastable liquid state, and hence the mentioned saturation pressure of liquid water can be used. At the solid surface the saturation pressure of ice, of course, prevails, but the distinction with the water pressure is minor there and, moreover, ci << cs. In Table 4 the calculated 0,. s1 for the two examined cases are listed.
The computed diffusion correction factors in Table  4 show that the fog film model mass transfer predictions are in good agreement; the values of Or,fl are predicted within a few per cent. One should realize that the results of Koch (1986) in Table 4 are based on the combined analysis of particle and molecular diffusion, and that Q, (the ratio of the molecuIar diffusion mass Aux to the total mass flux at the surface) is read off graphically. In order to obtain data which can be compared more accurately with the fog film model, Koch and Straub (1990) utilized their numerical model to predict the free convective heat and mass transfer to a surface with Ti = 273 K, T* = 313 K, and cb = 0.3F( T,) or c, = 0.6F( T*), thus excluding a relevant effect of thermophoresis.
For c* = 0.3F( T,) the entire film is superheated; this follows from the slope condition (5), which was also pointed out by Koch and Straub (1990) . For cb = 0.6F( Tr,), however, fog formation takes place in the mixture. Numerical calculations have been carried out by Koch and Straub (1990) with fog formation and thermophoresis suppressed, thermophoresis suppressed only, and with the complete model. Their computations revealed that the solutions for thermophoresis included and suppressed are practically identical, implying that thermophoresis is indeed a negligible phenomenon for the interface and bulk conditions considered. Some determined heat fluxes to the wall are summarized in Table 5 , while in Table  6 the mass fluxes are listed.
One can readily see that the transfer rates depend on the coordinate x, which constitutes the distance from the upper end of the vertical plate. The tables also indicate that the ratio of fog and no fog rates is nearly uniform, and thus independent of the level of heat and mass transfer. This aspect of the effect of fog formation is in qualitative accord with the film model approach, since the resulting correction factors only depend on interface and bulk conditions as well. The constant local transfer rates ratios furthermore imply that the total (and mean) heat and mass transfer fog/no fog ratios will have the same value as well. This might be the reason why the overall agreement in Table 4 is so good.
In Tables 5 and 6 the NIV correction factors for fog formation are also included, in which Le = 0.86 and H,,Jc, = 2413 K have been substituted. The computed correction factors illustrate the reasonable agreement between the solution of the comprehensive free convective boundary layer equations, and those of the basic fog film model. The heat transfer ratios agree within 4%, whereas the mass transfer ratios agree within 3%. as Le = 0.875 for the studied mixtures. The theoretical and experimental results indicated that O,, and O,, (referred to as Nu/Nu, and Sh/Sh,, respectively) depend more on p than on the local transfer rate (governed by the dimensionless distance from the entrance, referred to as Gz, and Gz,). This observation is in qualitative accord with the principle of the fog film model.
In order to compare the results of Hayashi et al. (1981) quantitatively with the predictions of the fog film model, correction factors Ot, , r and OC, ll, represented by eqs (19) and (20), are determined for the process concerned. (51) and (52). These equations are used for p > 1.05, while 0 c.ll and @%./l are unity for p 6 1.05, since fog is not formed then.
Both figures illustrate the excellent agreement of the NIV fog film model with the theoretical and experimental results concerned. Some experimental results in Fig. 7 , however, are typically situated above the theoretical predictions. These exceptions, though the deviations are modest, can be attributed to the variation in wall temperature during the experiments; Ti ranged from 270 to 273 K. Hence, eqs (5 1) and (52) are also evaluated with T, = 273 K and all other values Fig. 8 that the effect of a higher Ti is minor, while in Fig. 7 the line pertaining to Ti = 273 K has a steeper slope and is indeed in better agreement with some experimental data. In this section the predictions of the NIV fog film model have been compared with those of convective models, and hence more comprehensive studies. This important comparison justifies the basic film model approach to fog formation, since it agrees with a deviation of typically 10%. It has been shown and demonstrated by Brouwers and Chesters (1992) that the conventional film model allows for the induced velocity with a similar accuracy, which is well-acoeptable for engineering end purposes. It is noteworthy that if the induced velocity were included in the analyses of Koch (1986) , Koch and Straub (1990) and Hayashi et al. (1981) , the effect of fog formation on transfer rates (and related correction factors) would be the same. In Section 4 we have seen that, both for fog and no fog formation, the heat and mass transfer is enhanced equally by the condensation-induced velocity.
CONCLUSIONS
In the present analysis, a film of a binary mixture has been examined in which there is a transfer of heat and mass. In this film, the induced velocity (or Stefan-Nusselt flow) has been assumed absent. The Hence, the entire analysis yields the important conclusion that to compute free and forced convective systems with fog formation one can start from existing heat and mass transfer correlations (possibly multiplied by the classical film model correction factors for the effect of suction or injection). To investigate whether fog formation takes place, the film model provides the slope conditions (2) and (3) [which should be combined with eq. (1) to include also the case of an appreciable induced velocity]. If fog formation proves to be the case, the computed heat and mass transfer rates only need to be multiplied by correction factors (19) and (20) , respectively, to include the effect of fog. 
